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Social memory, including the ability to recognize faces and voices, is essential for
social relationships. It has a large heritable component, but the knowledge about the
contributing genes is sparse. The genetic variation underlying inter-individual differences
in social memory was investigated in an exploratory sample (n = 55), genotyped with a
chip comprising approximately 200,000 single nucleotide polymorphisms (SNPs), and
in a validation sample (n = 582), where 30 SNPs were targeted. In the exploratory
study face identity recognition was measured. The validation study also measured
vocal sound recognition, as well as recognition of faces and vocal sounds combined
(multimodal condition). In the exploratory study, the 30 SNPs that were associated with
face recognition at puncorrected < 0.001 and located in genes, were chosen for further
study. In the validation study two of these SNPs showed significant associations with
recognition of faces, vocal sounds, and multimodal stimuli: rs1800779 in the gene
encoding nitric oxide synthase 3 (NOS3) and rs3807370 in the gene encoding the
voltage-gated channel, subfamily H, member 2 (KCNH2), in strong linkage disequilibrium
with each other. The uncommon alleles were associated with superior performance, and
the effects were present for men only (p < 0.0002). The exploratory study also showed
a weaker but significant association with (non-emotional) word recognition, an effect that
was independent of the effect on face recognition. This study demonstrates evidence for
an association between NOS3 and KCNH2 SNPs and social memory.
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INTRODUCTION
Social memory refers to the ability to recognize the identity of previously encountered individuals,
an ability essential for successful social interactions. While in rodents this skill is based on olfactory
and pheromonal signals, in humans it is based mainly on the identification of faces and voices
(Belin et al., 2011).
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Face recognition ability, the most investigated facet of social
memory in humans, varies considerably in the population
(Kennerknecht et al., 2006; Russell et al., 2009) and has
been reported to be highly heritable (Wilmer et al., 2010),
indicating that some of the inter-individual variation in face
recognition ability can be explained by genetic factors. For
prosopagnosia—characterized by serious impairments in face
recognition (Hecaen and Angelergues, 1962; Benton and Van
Allen, 1972)—an autosomal dominant inheritance has even been
suggested (Kennerknecht et al., 2006).
To date, the knowledge about which molecules are involved
in social memory is sparse. Sex differences with regard to the
ability to recognize faces and the mechanism for processing
faces (Fischer et al., 2007) have provided some evidence for
involvement of molecules related to sex differentiation. So far,
rodent studies have put forward oxytocin (Ferguson et al., 2000,
2001), vasopressin (LeMoal et al., 1987), estrogen (Choleris et al.,
2003), and nitric oxide (Mutlu et al., 2011) as crucial players
for social memory, suggesting related genes to be candidates in
humans (Skuse et al., 2014).
Domain-specificity has been suggested for recognition of
faces, as compared to objects (Rezlescu et al., 2014; Weigelt et al.,
2014). In line with this, face memory deficits have been shown
often to be associated with a tendency to process faces as if they
were any other object (Langdell, 1978; Boucher and Lewis, 1992;
Rutherford et al., 2007; Spezio et al., 2007; Adolphs et al., 2008;
Harms et al., 2010; McPartland et al., 2011; Arkush et al., 2013).
With the aim to identify common genetic variation that
influences themechanism of, and explain the differences in, social
memory, we investigated two independent samples of healthy
men and women. A first exploratory study (n = 55) measured
performance in recognition of neutrally expressive faces. In this
first study, we also had access to performance on a taskmeasuring
word memory, thus enabling analyses of whether associations
with memory deficits were face-specific or rather due to an
effect on general memory. A second, validation study (n =
582) measured performance in recognition of faces displaying
both neutral and emotional expressions, as well as recognition
of neutral and emotional vocal sounds and recognition in a
multimodal condition where participants saw faces and heard
the corresponding sounds simultaneously. Of the approximately
200,000 single nucleotide polymorphisms (SNPs) genotyped with
a chip (the MetaboChip) in the exploratory study, 30 were
filtered out as associated (p < 0.001) with the ability to
recognize faces, and were subsequently targeted in the validation
study.
MATERIALS AND METHODS
Participants
Exploratory Study
Social memory performance and genetic data were available
for a total of 55 participants, 29 women and 26 men (25
younger: 20–31 years, mean ± sd: 25.1 ± 3.4; 12 females;
30 older: 65–74 years, mean ± sd: 68.2 ± 2.5; 17 females;
Ebner et al., 2012). Word memory data was available for 56
participants (29 women, 27 men). All participants were right-
handed, native Swedish speakers, had normal or corrected-to-
normal vision, had no contraindications to magnetic resonance
imaging (MRI), had no history of stroke, heart disease or
primary degenerative neurological disorder, no past or present
neuropsychiatric diseases, diabetes or neurological disorders, and
were free from blood-thinning medication, as assessed by self-
reported medical history. For older adults, a radiologist screened
a T1-weighted and a T2-weighted image and ruled out abnormal
levels of atrophy or lesions. All participants provided written
informed consent in accordance with the Declaration of Helsinki.
The study was approved by the regional ethical review board
of Stockholm. All participants were Caucasian, as indicated by
self-report.
Validation Study
The validation study included 582 participants for whom both
behavioral and genetic data were available, 223 men (age range:
18–36 years, mean ± sd: 23.4 ± 3.3) and 359 women (age range:
18–34 years, mean ± sd: 22.9 ± 3.2). All participants were right-
handed, fluent in Swedish, healthy and had no past or present
psychiatric diseases, or substance abuse. All participants provided
written informed consent in accordance with the Declaration
of Helsinki. The study was approved by the regional ethical
review board of Stockholm. Ethnicity was assessed by asking
which country parents and grand-parents were born in. Eighty-
seven percent (181 men, 309 women) of the participants were
Caucasian.
Genotyping
Exploratory Study
The participants were genotyped using the Illumina iSelect
MetaboChip. This chip includes nearly 200,000 SNPs selected
from the results of genome-wide meta-analyses of several
metabolism- and cardiovascular-relevant traits. It was designed
to capture genetic variation coupled to type two diabetes,
coronary artery disease, and myocardial infarction (Voight
et al., 2012). Cardiovascular-relevant genes are often important
for general brain function. The MetaboChip thus also covers
genomic regions of interest for memory and face processing,
including those involved in hormonal and neurotransmitter
functions. Moreover, as the chip covers most of the genome,
further polymorphisms relevant for social memory are covered
in an indirect way by being in high linkage disequilibrium (LD)
with those on the chip.
Validation Study
DNA was extracted from saliva samples using OraGene DNA
self-collection kit (DNA Genotek, Inc., Ottawa, ON, Canada).
The 30 SNPs that showed an association with face recognition
at p < 0.001 in the exploratory study were genotyped
with KASPar R©, a competitive allele-specific polymerase chain
reaction SNP genotyping system using FRET quencher cassette
oligos (http://www.lgcgenomics.com). The genotyping success
rate was >95% and all of the SNPs were found to be in
Hardy Weinberg equilibrium. The association observed for the
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NOS3 polymorphism (see Results) prompted us to genotype two
additional SNPs in this gene, rs2070744 and rs1799983.
Tasks in the Exploratory Study
Face Recognition Task
Face recognition was measured during functional MRI (fMRI)
scanning (see Ebner et al., 2012 for an fMRI study on this
sample). During incidental encoding (8.4min), 48 photographs
of neutral faces (unique face identities) were presented in pseudo-
random order, and interspersed with 24 low-level null events
(black crosses on gray background). Each stimulus was shown
for 3.5 s. In between two faces, a fixation cross appeared on
the screen in a jittered fashion (3–4 s). The pictures were taken
from the FACES database (Ebner et al., 2010) and depicted
equal numbers of men and women and younger and older
faces. The instruction was to look at the pictures “as if you
watched TV.” After a ten-min retention interval, during which
anatomical images were taken, the two fMRI runs (each 8.4min)
of a surprise recognition task followed, during which the same
48 faces were presented at the same rate as at encoding (but
in a different, pseudo-randomized order), together with 48 new
distractor faces, randomly interspersed. The task was to indicate
whether a face had been previously seen or not via button
press (Gardiner and Richardson-Klavehn, 2000). D prime (d’)
was calculated based on participants’ responses (MacMillan and
Creelman, 2005).
Word Recognition Task
Word pair recognition memory was administered using the
category-instance task (Dolan and Fletcher, 1997; Nyberg et al.,
2009). Prior to scanning, participants were presented with pairs
of words (n = 34) consisting of a category (e.g., “tree”) and
an instance of the category (e.g., “pine”). Participants were
instructed to memorize the pairs. Each pair was presented twice
and for 2 s. During fMRI scanning, another list of word pairs
was presented (2 s/item) with a jittered (1–6 s) inter-stimulus
display of a fixation cross. A third of the pairs of this list had
been presented before (old category, old instance; n = 17),
another third were new (new category, new instance; n =
17), and the last third were categories that had been seen
before but were paired with new instances (old category, new
instance; n = 17). Participants again were instructed to
memorize the pairs. After a 50min retention interval, during
which participants performed other tasks in the scanner, a cued
recall test was administered outside the scanner. During this
recall test, participants were presented with all categories seen
during the task and were asked to pair each category with the
instance presented during scanning. Based on these responses,
the sum of correct responses was computed as a measure of word
pair recognition memory.
Task in the Validation Study
Social Memory Task
The social memory task, measuring the recognition of the
identity of faces, vocal sounds and their combination, consisted
of an incidental encoding session and a recognition session.
In contrast to the exploratory study, the validation tasks
were not performed in a scanner but measured behaviorally
only. During the encoding session, participants were presented
with 24 photographs of faces, followed by 24 human vocal
sounds, followed by 24 multimodal stimuli (photographs of
faces presented together with vocal sounds). The order was
randomized (within the modality) across subjects and no face or
voice identity was presented more than once in each condition.
In contrast to the first exploratory study, the faces and voices
expressed anger, disgust, fear, happiness, sadness, or no emotion
(four stimuli for each condition). The timing for the presentation
was self-paced and participants were asked to indicate with
the mouse which emotion was conveyed by the stimulus in
a forced-choice task. The response options were the same as
the expressed emotions. MediaLab software (Jarvis, 2008) was
used for stimulus presentation and recording of responses.
The pictures were color photographs from the FACES database
(Ebner et al., 2010) and the sounds were non-linguistic emotional
vocalizations (e.g., crying, laughter, sighs, screams) from the
VENEC database (Laukka et al., 2013). At recognition (6–
10min after encoding depending on condition and reaction
times), the same stimuli, interspersed with the same number of
new distractor stimuli (24 old, 24 new), were presented. The
same identity always expressed the same emotion. Participants
were asked to indicate (self-paced) whether they recognized a
stimuli or not, using the remember/know-paradigm (Gardiner
and Richardson-Klavehn, 2000). Pooling the correct answers
(remember and know answers) and controlling hit frequency
for false alarms (Stanislaw and Todorov, 1999) provided four
measures of recognition accuracy: d’faces, d’vocal, d’multimodal,
and the average across presentation modalities, d’all.
Procedure
In the exploratory study, associations between nearly 200,000
SNPs and face recognition were explored. The most promising
variants were further analyzed in the validation study with
regard to a potential association with the d’all measure of
social memory. Post-hoc analyses for significant SNPs included
the specific measures d’faces, d’vocal, and d’multimodal. To
determine whether the association with memory was specific
for the social dimension, post-hoc analyses also included the
word pair recognition task performed by the participants in the
exploratory study.
Statistical Analyses
Linear regressions using SNP and Variation Suite v7.7 (Golden
Helix, Inc., Bozeman, MT, www.goldenhelix.com) were used
to determine the significance levels of the MetaboChip SNPs
with MAF>5%. SPSS (IBM Corp., Version 22.0. Armonk, NY)
was used for further examination of the NOS3 and KCNH2
associations in the exploratory study and for the 30 SNPs in
the validation study. Linear regression models (additive model)
were used, treating the heterozygote as the intermediate. Multiple
testing was controlled for using Bonferroni correction. The
significance level for the validation study was thus set to p =
0.00083 (0.05/(30 SNPs * 2 sexes)). Linkage disequilibrium (LD)
between polymorphisms was assessed by Haploview 4.2 (Barrett
et al., 2005).
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RESULTS
Exploration and Validation of Associations
between SNPs and Social Memory
None of the 200,000 SNPs genotyped in the exploratory study
displayed an association with face recognition memory that
survived correction for multiple testing. Thirteen SNPs were
significant at a threshold of p < 0.0001, 113 at a threshold of
p < 0.001 and 1507 at a threshold of p < 0.01. Of the 113
SNPs showing suggestive evidence of association at a level of
p < 0.001, those that had a minor allele frequency (MAF) >
5%, were in Hardy Weinberg Equilibrium, were located in genes,
and were not in high LD (r2 > 0.8) with SNPs in the same gene,
were filtered out. Table 1 shows these 30 SNPs, which were also
analyzed in the validation study with regard to their association
with the d’all measure. Two of the SNPs, the rs1800779 in NOS3
and the rs3807370 in KCNH2, in high LD (D’ > 0.9, r2 > 0.9)
with each other, displayed associations that survived correction
for multiple testing (see information below). None of the other 28
SNPs showed associations that survived correction for multiple
testing.
KCNH2 and NOS3 SNPs in the Exploratory
and Validation Studies
In the exploratory study, two of the 30 SNPs showing associations
with face recognition (d’faces-n) at p < 0.001, were rs1800779 in
NOS3 and rs3807370 in KCNH2 (NOS3: p = 0.0006, β = 0.45;
KCNH2: p = 0.0009, β = 0.43): less common homozygotes (GG
and AA, respectively), showed more accurate face recognition.
The effects were similar for men and women (NOS3 men: p =
0.01, β = 0.49, women: p = 0.02, β = 0.42, Figure 1A;
KCNH2 men: p = 0.02, β = 0.45, women: p = 0.02, β =
0.42). There was no significant difference in face recognition
performance between younger and older participants [p =
0.09, t(56) = 1.7], nor between men and women [p = 0.48,
t(56) = −0.7].
In the validation study, d’all was significantly associated with
both polymorphisms in men (NOS3: p = 0.0001, β = 0.25,
Figure 1C; KCNH2: p = 0.0002, β = 0.25) but not in women
(NOS3: p = 0.8, β = 0.014, Figure 1C; KCNH2: p = 0.75, β =
0.017). These results did not change notably when participants
of non-Caucasian origin were excluded from the analyses (men:
NOS3: p = 0.0001, β = 0.28; KCNH2: p = 0.00008, β = 0.29;
women: NOS3: p = 0.85, β = 0.01; KCNH2: p = 0.76, β =
0.02). The associations survived correction for multiple testing
(p < 0.00083; see Table 1 for corrected p-values). Post-hoc tests
showed this effect (in males) to be present for d’faces (NOS3:
p = 0.002, β = 0.20; KCNH2: p = 0.02, β = 0.16), d’vocal
(NOS3: p = 0.008, β = 0.18; KCNH2: p = 0.001, β = 0.22), and
d’multimodal (NOS3: p = 0.007, β = 0.18; KCNH2: p = 0.02,
β = 0.16).
To further investigate the importance ofNOS3, two additional
SNPs of known functional importance were genotyped. The
NOS3 promoter SNP, rs2070744 (MAF = 0.30), showed effects
very similar to the rs1800779, i.e., a significant association with
d’all in men (p = 0.0002, β = 0.25), but not in women. As
TABLE 1 | Promising SNPs (p < 0.001) identified in the exploratory study
and selected for further analyses in the validation study.
Gene Polymorphism MAF MAF Corr p-value
exploratory validation validation M/F
B7H6 rs61880293 0.07 0.09 ns/ns
BEAN1 rs893198 0.27 0.30 ns/ns
BRE rs12468596 0.29 0.23 ns/ns
C10orf90 rs11245011 0.19 0.13 ns/ns
DEF8 rs17784583 0.19 0.21 ns/ns
DGKB rs11767076 0.21 0.29 ns/ns
FBXL17 rs11242664 0.18 0.15 ns/ns
FGF5 rs982804 0.48 0.50 ns/ns
GMDS rs2569842 0.28 0.28 ns/ns
IGSF11 rs251457 0.39 0.38 ns/ns
KCNH2 rs3807370 0.37 0.29 0.012/ns
LOC344595 rs1283101 0.32 0.41 ns/ns
LPCAT1 rs11133792 0.31 0.23 ns/ns
LPL rs264 0.14 0.15 ns/ns
MRPL17 rs1567135 0.37 0.46 ns/ns
NOS3 rs1800779 0.38 0.30 0.006/ns
PCSK5 rs6560494 0.42 0.45 ns/ns
PPM1B rs2054005 0.20 0.23 ns/ns
PRICKLE1 rs1452106 0.44 0.40 ns/ns
PTPRG rs9856420 0.25 0.24 ns/ns
PVRL2 rs1871047 0.34 0.38 ns/ns
SEPT2 rs12694997 0.30 0.19 ns/ns
SLC22A16 rs2494553 0.07 0.04 ns/ns
SLC26A7 rs10099092 0.08 0.08 ns/ns
SPRED2 rs12612780 0.30 0.33 ns/ns
SYN2 rs62240442 0.08 0.05 ns/ns
TTC39B rs581080 0.20 0.21 ns/ns
TTC39B rs643531 0.14 0.13 ns/ns
WHSC1 rs474235 0.14 0.18 ns/ns
ZC3H12D rs512685 0.15 0.18 ns/ns
MAF, minor allele frequency; ns, non-significant; corr, corrected (uncorrected p-value *
60); M, males; F, females.
for rs1800779, post-hoc tests showed associations with d’faces
(p = 0.002, β = 0.21), d’vocal (p = 0.008, β = 0.18)
and d’multimodal (p = 0.01, β = 0.16) in men. Carriers of
the uncommon CC genotype displayed better social recognition.
The exon 8 rs1799983 (MAF = 0.27) showed a weak effect on
the d’all measure in men (p = 0.04, β = 0.14) that did not
survive correction for multiple testing. The rs2070744 showed
high LD with the KCNH2 SNP and the NOS3 1800779 (D’ >
0.9, r2 > 0.9), whereas the LD between rs1799983 and the
other three polymorphisms was low (D’ < 0.5, r2 < 0.2). T-
tests revealed that there was no significant difference in any
of the measures of social memory between men and women
(p > 0.7).
NOS3 rs1800779 and KCNH2 rs3807370 polymorphisms
were significantly associated with word pair recognition, but
only for dominant models, i.e., when pooling the uncommon
genotype with the heterozygote. Carriers of the uncommon allele
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FIGURE 1 | Recognition memory for NOS3 genotypes. In the exploratory study, face (A) and word recognition (B) was superior in carriers of the G-allele of the
NOS3 rs1800779 (M: nAA = 9, nAG = 14, nGG = 3 for faces and nAA = 9, nAG = 15, nGG = 3 for words. F: nAA = 11, nAG = 15, nGG = 3 for faces and nAA = 10,
nAG = 15, nGG = 4 for words). The results were similar for the KCNH2 polymorphism. In the validation study, social recognition memory (C) was superior in male
carriers of the G-allele of the NOS3 rs1800779 (M: nAA = 126, nAG = 84, nGG = 14. F: nAA = 166, nAG = 149, nGG = 44). The results were similar for the KCNH2
polymorphism and the NOS3 rs2070744 polymorphism. The figure displays mean ± sd. M, Male; F, Female. See the Results Section for p-values.
had better memory than carriers of the common homozygous
genotype [NOS3: p = 0.02, t(54) = 2.4, Figure 1B; KCNH2:
p = 0.03, t(54) = 2.3], an effect driven by men [NOS3: p = 0.03,
t(25) = 2.3; KCNH2: p = 0.04, t(25) = 2.1].
The two performance measures of face (d’faces-n) and word
pair recognition in the exploratory study did not correlate
significantly (all: p = 0.08, Pearson = 0.24; men: p = 0.07,
Pearson = 0.37; women: p = 0.58, Pearson = 0.11). To
explore whether the genetic effects on face and word memory
were dependent, word recognition performance was added
as covariate to the regression models with d’faces-n as the
dependent variable. The addition did not change the results,
neither for the NOS3 rs1800779 (p = 0.0006, β = 0.45 alone in
themodel; p = 0.0006, β = 0.45 with wordmemory performance
in the model), nor for the KCNH2 polymorphism (p = 0.0009,
β = 0.43 alone in the model, p = 0.0008, β = 0.44 with word
memory performance in the model). Also, word pair recognition
memory was not a significant predictor in the models.
DISCUSSION
Advances in the field have proven that the heritability of complex
traits such as social memory is explained by a large number of
common genetic variants, all contributing with very small effects.
The attempt to detect new variants and genes using genome-wide
approaches requires very large samples to reach the genome-
wide corrected significance level. We therefore investigated
the possibility to validate the most promising associations
between SNPs and behavior from an exploratory study of
many SNPs in a small sample—not surviving correction for
multiple testing—in a larger independent sample. By using this
strategy we identified the NOS3 rs1800779 and KCNH2 rs380730
polymorphisms, in high LD with each other, as intriguing
contributors to the inter-individual variation in social memory.
The associations survived correction for multiple testing in
the considerably larger validation sample. Furthermore, in the
exploratory sample the polymorphisms associated with face
recognition independently of sex, while, in the validation study
they were associated with recognition of identity through faces as
well as vocal sounds in men only. The smaller exploratory study
provided evidence for a weaker association also with word pair
memory, an effect that was independent of the effect of social
memory.
NOS3 is situated just downstream of KCNH2 on chromosome
7q36. The two genes, both expressed in the brain (Judas et al.,
1999; Huffaker et al., 2009), encode nitric oxide synthase 3,
i.e., endothelial NOS, and the potassium voltage-gated channel,
subfamily H, member 2, respectively. Endothelial NOS is
responsible for the production of nitric oxide (NO) from L-
arginine in the endothelium. NO is vasodilatory, and regulates
cerebral blood flow (Ignarro, 1989; Quyyumi et al., 1995). It
triggers multiple signal transduction pathways and influences
synaptic function including transmitter release (Sagi et al., 2014).
NO and NOS3-mediated NO signaling is known to be involved
in hippocampal long-term potentiation (LTP) (Schuman and
Madison, 1991; Dinerman et al., 1994; O’Dell et al., 1994) and has
therefore been investigated in relation to learning and memory.
Evidence for an involvement of NOS in social memory has
been provided by rodent studies showing that NOS inhibitors
impair olfactory memory in a social recognition test (Böhme
et al., 1993; Mutlu et al., 2011), as well as in non-social memory
(Böhme et al., 1993), an effect that required inhibition of both
endothelial and neuronal NOS (NOS1) (Mutlu et al., 2011).
The current finding thus provides intriguing evidence of a
conserved role for NO inmodulating social cognition in humans,
comparable to the conserved role shown for oxytocin (Skuse
et al., 2014).
Although the uncommon allele of the NOS3 promoter SNP
rs1800779 has been associated with lower peripheric levels
of NOS3 mRNA and protein (Aminuddin et al., 2013), its
function is, as of yet, not established. However, the other two
NOS3 polymorphisms genotyped in the validation study, i.e.,
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the rs2070744 and rs1799983, are known to be functional,
the promoter polymorphism rs2070744 (-786T/C) affecting the
expression of the gene (Nakayama et al., 2000; Kittel-Schneider
et al., 2015), and the exon 8 rs1799983 (894G/T) implicating an
amino acid substitution, Glu298Asp, that causes a truncation of
the protein (Tesauro et al., 2000). In the present study the effect
for rs2070744 was equally strong as the effect for rs1800779.
Therefore, it is plausible that this SNP, in high LD with the
rs1800779, is responsible for the observed association. Functional
studies have consistently shown the uncommon C-allele of
rs2070744, here associated with superior social recognition, to
be associated with less gene expression. It has been shown to
reduce promoter activity (Nakayama et al., 2000), to be associated
with lower mRNA (Venturelli et al., 2005; Kittel-Schneider et al.,
2015) and NO metabolite levels in blood (Kittel-Schneider et al.,
2015), and with a lack of shear stress-induced NOS3 expression
(Cattaruzza et al., 2004). In line with our finding of enhanced
social memory in carriers of the allele related to reduced NOS3
and thus NO production, elevated NO levels in blood have been
negatively correlated with the performance on memory tests in
humans (Talarowska et al., 2012).
To our knowledge, only one previous study has examined
the relationship between NOS3 and memory in humans (Solé-
Padullés et al., 2004). This previous study comprised participants
with mild cognitive impairment. They showed that carriers of the
uncommon Asp-allele of rs1799983, resulting in a truncation of
the protein, had lower memory performance, which is consistent
with the relationship between NOS inhibition and impaired
memory in rodents. In contrast, in our sample, the Asp-allele was
weakly (not surviving correction for multiple testing) associated
with enhanced social memory.
The promoter polymorphisms in NOS3 are also in high
LD with the intron 2 polymorphism in the neighboring gene
KCNH2, which thus may be responsible for the associations
reported. The rs380730 is located between two polymorphisms
(rs3800779 and rs1036145) that have been associated with
the expression of a truncated and brain-specific isoform of
KCNH2, i.e., the ratio of KCNH2-3.1:KCNH2-1A (Huffaker
et al., 2009). A higher degree of KCNH2-3.1 expression
has been observed in patients with schizophrenia (Huffaker
et al., 2009) and the rs3800779 SNP has been associated
with schizophrenia, as well as with low IQ and working
memory performance (Huffaker et al., 2009). A study of 191
Japanese individuals (Hashimoto et al., 2013) likewise showed
an association between rs3800779 and working memory, as well
as attention, but not with either verbal or visual memory (as
assessed by the Rey Auditory Verbal Learning test and the
Wechsler Memory Scale-Revised), nor with social cognition as
measured by the Facial Emotion Labeling Test (Hashimoto et al.,
2013).
As mentioned in the introduction, face recognition memory
involves a face-specific mechanism (Rezlescu et al., 2014;
Weigelt et al., 2014). The potential influence of variation in
NOS3 or KCNH2 on social memory appears, however, not
to be specific to this dimension, but also to include word
pair recognition memory, as suggested by the weaker, but
significant association in the exploratory study. Recent studies
show overlaps in development and function of face and word
recognition (Bukowski et al., 2013; Dundas et al., 2013), such
that those with difficulties in recognizing faces also show deficits
for words and vice versa (Behrmann and Plaut, 2014). Face
and word recognition memory did however not correlate in the
exploratory sample, and the genetic effects on face recognition
were independent of word recognition memory, as the regression
coefficient did not change when the latter was included in the
model.
Except for visual category, differences in the strength of the
association for words and faces in the exploratory study could
be due to other dissimilarities between these two tasks. Firstly,
the words were not new to the participants in the same way as
the faces were, because words are already represented in long-
term memory from previous exposures. This is a point that other
studies have solved by using famous faces (Nie et al., 2014).
Second, the word pair recognition, but not the face recognition,
test involved the component process of matching the two parts of
the pair, the category and the instance.
In the exploratory study, the association between the NOS3
and KCNH2 polymorphisms and face recognition held in both
men and women, whereas the larger validation study only
revealed an effect in men. Differences in the characteristics
of the social memory tasks used in the two studies may
possibly explain this discrepancy. The exploratory study included
the recognition of the identity of faces of neutral face
expressions, whereas the validation study included faces of
several different emotional expressions. However, a previous
study of face recognition in children showed that emotional
expressions did not influence the recognition of face identity
(Krebs et al., 2011). A possible mechanism explaining the
sex differences is suggested by the finding that estrogen
induces NO production via NOS activation in endothelial
cells (Nevzati et al., 2015), and that NOS3 polymorphisms
hence may influence the degree of estrogen-induced production
differently in men and women. Although there was no
significant difference in face recognition performance between
men and women in either of the present samples, sex
differences have been repeatedly reported for both face
recognition and its underlying neural mechanisms (Fischer et al.,
2007).
In conclusion, by using one exploratory sample to isolate
a number of promising polymorphisms and then examining
them in a targeted manner in a validation sample, we have
demonstrated an association between polymorphisms in the
KCNH2 and NOS3 genes and social memory.
AUTHOR CONTRIBUTIONS
Study concept and design: SH, DH, LW. Acquisition, analysis, or
interpretation of data: All authors. Drafting of the manuscript:
SH. Critical revision of the manuscript for important intellectual
content: All authors. Final approval of the version to be
published: All authors. Agreement to be accountable for all
aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved: All authors.
Frontiers in Neuroscience | www.frontiersin.org 6 October 2015 | Volume 9 | Article 393
Henningsson et al. Candidate genes for social memory
ACKNOWLEDGMENTS
We thank Christina Lindahl for data collection to the validation
study. Funding for the study was provided by grants from the
Swedish Research Council (PL, HF, LW). The funding bodies
had no role in the design and conduct of the study, preparation,
review, or approval of the manuscript, and decision to submit the
manuscript for publication.
REFERENCES
Adolphs, R., Spezio, M. L., Parlier, M., and Piven, J. (2008). Distinct face-
processing strategies in parents of autistic children. Curr. Biol. 18, 1090–1093.
doi: 10.1016/j.cub.2008.06.073
Aminuddin, F., Hackett, T.-L., Stefanowicz, D., Saferali, A., Paré, P. D., Gulsvik, A.,
et al. (2013). Nitric oxide synthase polymorphisms, gene expression and lung
function in chronic obstructive pulmonary disease. BMCPulm.Med. 13:64. doi:
10.1186/1471-2466-13-64
Arkush, L., Smith-Collins, A. P. R., Fiorentini, C., and Skuse, D. H. (2013).
Recognition of face and non-face stimuli in autistic spectrum disorder. Autism
Res. 6, 550–560. doi: 10.1002/aur.1318
Barrett, J. C., Fry, B., Maller, J., and Daly, M. J. (2005). Haploview: analysis
and visualization of LD and haplotype maps. Bioinformatics 21, 263–265. doi:
10.1093/bioinformatics/bth457
Behrmann, M., and Plaut, D. C. (2014). Bilateral hemispheric processing
of words and faces: evidence from word impairments in prosopagnosia
and face impairments in pure alexia. Cereb. Cortex 24, 1102–1118. doi:
10.1093/cercor/bhs390
Belin, P., Bestelmeyer, P. E. G., Latinus, M., and Watson, R. (2011).
Understanding voice perception. Br. J. Psychol. 102, 711–725. doi:
10.1111/j.2044-8295.2011.02041.x
Benton, A. L., and Van Allen, M. W. (1972). Prosopagnosia and facial
discrimination. J. Neurol. Sci. 15, 167–172. doi: 10.1016/0022-510X(72)90004-4
Böhme, G. A., Bon, C., Lemaire, M., Reibaud, M., Piot, O., Stutzmann, J. M.,
et al. (1993). Altered synaptic plasticity and memory formation in nitric oxide
synthase inhibitor-treated rats. Proc. Natl. Acad. Sci. U.S.A. 90, 9191–9194. doi:
10.1073/pnas.90.19.9191
Boucher, J., and Lewis, V. (1992). Unfamiliar face recognition in relatively able
autistic children. J. Child Psychol. Psychiatry 33, 843–859. doi: 10.1111/j.1469-
7610.1992.tb01960.x
Bukowski, H., Dricot, L., Hanseeuw, B., and Rossion, B. (2013). Cerebral
lateralization of face-sensitive areas in left-handers: only the FFA does not get it
right. Cortex 49, 2583–2589. doi: 10.1016/j.cortex.2013.05.002
Cattaruzza, M., Guzik, T. J., Słodowski, W., Pelvan, A., Becker, J., Halle, M., et al.
(2004). Shear stress insensitivity of endothelial nitric oxide synthase expression
as a genetic risk factor for coronary heart disease. Circ. Res. 95, 841–847. doi:
10.1161/01.RES.0000145359.47708.2f
Choleris, E., Gustafsson, J.-A., Korach, K. S., Muglia, L. J., Pfaff, D. W., and
Ogawa, S. (2003). An estrogen-dependent four-gene micronet regulating
social recognition: a study with oxytocin and estrogen receptor-alpha and
-beta knockout mice. Proc. Natl. Acad. Sci. U.S.A. 100, 6192–6197. doi:
10.1073/pnas.0631699100
Dinerman, J. L., Dawson, T. M., Schell, M. J., Snowman, A., and Snyder, S. H.
(1994). Endothelial nitric oxide synthase localized to hippocampal pyramidal
cells: implications for synaptic plasticity. Proc. Natl. Acad. Sci. U.S.A. 91,
4214–4218. doi: 10.1073/pnas.91.10.4214
Dolan, R. J., and Fletcher, P. C. (1997). Dissociating prefrontal and hippocampal
function in episodic memory encoding. Nature 388, 582–585. doi:
10.1038/41561
Dundas, E. M., Plaut, D. C., and Behrmann, M. (2013). The joint development
of hemispheric lateralization for words and faces. J. Exp. Psychol. Gen. 142,
348–358. doi: 10.1037/a0029503
Ebner, N. C., Johnson, M. K., and Fischer, H. (2012). Neural mechanisms of
reading facial emotions in young and older adults. Front. Psychol. 3:223. doi:
10.3389/fpsyg.2012.00223
Ebner, N. C., Riediger, M., and Lindenberger, U. (2010). FACES–a database of facial
expressions in young, middle-aged, and older women and men: development
and validation. Behav. Res. Methods 42, 351–362. doi: 10.3758/BRM.
42.1.351
Ferguson, J. N., Aldag, J. M., Insel, T. R., and Young, L. J. (2001). Oxytocin in the
medial amygdala is essential for social recognition in the mouse. J. Neurosci. 21,
8278–8285. Available online at: http://www.jneurosci.org/content/21/20/8278.
long
Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk,M.M., Insel, T. R., andWinslow,
J. T. (2000). Social amnesia in mice lacking the oxytocin gene. Nat. Genet. 25,
284–288. doi: 10.1038/77040
Fischer, H., Sandblom, J., Nyberg, L., Herlitz, A., and Bäckman, L. (2007). Brain
activation while forming memories of fearful and neutral faces in women and
men. Emotion 7, 767–773. doi: 10.1037/1528-3542.7.4.767
Gardiner, J. M., and Richardson-Klavehn, A. (2000). “Remembering and
Knowing,” in The Oxford Handbook of Memory, eds E. Tulving and F. Craik
(New York, NY: Oxford University Press), 229–244.
Harms, M. B., Martin, A., and Wallace, G. L. (2010). Facial emotion recognition in
autism spectrum disorders: a review of behavioral and neuroimaging studies.
Neuropsychol. Rev. 20, 290–322. doi: 10.1007/s11065-010-9138-6
Hashimoto, R., Ohi, K., Yasuda, Y., Fukumoto, M., Yamamori, H., Kamino,
K., et al. (2013). The KCNH2 gene is associated with neurocognition
and the risk of schizophrenia. World J. Biol. Psychiatry 14, 114–120. doi:
10.3109/15622975.2011.604350
Hecaen, H., and Angelergues, R. (1962). Agnosia for faces (prosopagnosia). Arch.
Neurol. 7, 92–100. doi: 10.1001/archneur.1962.04210020014002
Huffaker, S. J., Chen, J., Nicodemus, K. K., Sambataro, F., Yang, F., Mattay, V., et al.
(2009). A primate-specific, brain isoform of KCNH2 affects cortical physiology,
cognition, neuronal repolarization and risk of schizophrenia. Nat. Med. 15,
509–518. doi: 10.1038/nm.1962
Ignarro, L. J. (1989). Biological actions and properties of endothelium-derived
nitric oxide formed and released from artery and vein. Circ. Res. 65, 1–21. doi:
10.1161/01.RES.65.1.1
Jarvis B. G. (2008). MediaLab, v. 2008 [Computer program]. New York, NY:
Empirisoft Corporation.
Judas, M., Sestan, N., and Kostovic´, I. (1999). Nitrinergic neurons in the
developing and adult human telencephalon: transient and permanent patterns
of expression in comparison to other mammals. Microsc. Res. Tech. 45,
401–419.
Kennerknecht, I., Grueter, T., Welling, B., Wentzek, S., Horst, J., Edwards, S., et al.
(2006). First report of prevalence of non-syndromic hereditary prosopagnosia
(HPA). Am. J. Med. Genet. A 140, 1617–1622. doi: 10.1002/ajmg.a.
31343
Kittel-Schneider, S., Reuß, M., Meyer, A., Weber, H., Gessner, A., Leistner, C.,
et al. (2015). Multi-level biomarker analysis of nitric oxide synthase isoforms
in bipolar disorder and adult ADHD. J. Psychopharmacol. 29, 31–38. doi:
10.1177/0269881114555251
Krebs, J. F., Biswas, A., Pascalis, O., Kamp-Becker, I., Remschmidt, H., and
Schwarzer, G. (2011). Face processing in children with autism spectrum
disorder: independent or interactive processing of facial identity and facial
expression? J. Autism Dev. Disord. 41, 796–804. doi: 10.1007/s10803-010-
1098-4
Langdell, T. (1978). Recognition of faces: an approach to the study of
autism. J. Child Psychol. Psychiatry 19, 255–268. doi: 10.1111/j.1469-
7610.1978.tb00468.x
Laukka, P., Elfenbein, H. A., Söder, N., Nordström, H., Althoff, J., Chui,
W., et al. (2013). Cross-cultural decoding of positive and negative non-
linguistic emotion vocalizations. Front. Psychol. 4:353. doi: 10.3389/fpsyg.2013.
00353
Le Moal, M., Dantzer, R., Michaud, B., and Koob, G. F. (1987). Centrally injected
arginine vasopressin (AVP) facilitates social memory in rats. Neurosci. Lett. 77,
353–359. doi: 10.1016/0304-3940(87)90527-1
MacMillan, N., and Creelman, D. (2005). Detection Theory: A User’s Guide.
Mahwah, NJ: Lawrence Erlbaum Associates.
Frontiers in Neuroscience | www.frontiersin.org 7 October 2015 | Volume 9 | Article 393
Henningsson et al. Candidate genes for social memory
McPartland, J. C., Webb, S. J., Keehn, B., and Dawson, G. (2011). Patterns of
visual attention to faces and objects in autism spectrum disorder. J. Autism Dev.
Disord. 41, 148–157. doi: 10.1007/s10803-010-1033-8
Mutlu, O., Ulak, G., and Belzung, C. (2011). Effects of nitric oxide synthase
inhibitors 1-(2-trifluoromethylphenyl)–imidazole (TRIM) and 7-nitroindazole
(7-NI) on learning and memory in mice. Fundam. Clin. Pharmacol. 25,
368–377. doi: 10.1111/j.1472-8206.2010.00851.x
Nakayama, M., Yasue, H., Yoshimura, M., Shimasaki, Y., Ogawa, H., Kugiyama,
K., et al. (2000). T(-786)–> C mutation in the 5’-flanking region of the
endothelial nitric oxide synthase gene is associated with myocardial infarction,
especially without coronary organic stenosis. Am. J. Cardiol. 86, 628–634. doi:
10.1016/S0002-9149(00)01041-9
Nevzati, E., Shafighi, M., Bakhtian, K. D., Treiber, H., Fandino, J., and Fathi, A.
R. (2015). Estrogen induces nitric oxide production via nitric oxide synthase
activation in endothelial cells. Acta Neurochir. Suppl. 120, 141–145. doi:
10.1007/978-3-319-04981-6_24
Nie, A., Griffin, M., Keinath, A., Walsh, M., Dittmann, A., and Reder, L. (2014).
ERP profiles for face and word recognition are based on their status in
semantic memory not their stimulus category. Brain Res. 1557, 66–73. doi:
10.1016/j.brainres.2014.02.010
Nyberg, L., Andersson, M., Forsgren, L., Jakobsson-Mo, S., Larsson, A., Marklund,
P., et al. (2009). Striatal dopamine D2 binding is related to frontal BOLD
response during updating of long-term memory representations. Neuroimage
46, 1194–1199. doi: 10.1016/j.neuroimage.2009.03.035
O’Dell, T. J., Huang, P. L., Dawson, T. M., Dinerman, J. L., Snyder, S. H., Kandel,
E. R., et al. (1994). Endothelial NOS and the blockade of LTP by NOS inhibitors
in mice lacking neuronal NOS. Science 265, 542–546.
Quyyumi, A. A., Dakak, N., Andrews, N. P., Gilligan, D. M., Panza, J. A.,
and Cannon, R. O. (1995). Contribution of nitric oxide to metabolic
coronary vasodilation in the human heart. Circulation 92, 320–326. doi:
10.1161/01.CIR.92.3.320
Rezlescu, C., Susilo, T., Barton, J. J. S., and Duchaine, B. (2014). Normal social
evaluations of faces in acquired prosopagnosia. Cortex 50, 200–203. doi:
10.1016/j.cortex.2013.07.015
Russell, R., Duchaine, B., and Nakayama, K. (2009). Super-recognizers: people
with extraordinary face recognition ability. Psychon. Bull. Rev. 16, 252–257. doi:
10.3758/PBR.16.2.252
Rutherford, M. D., Clements, K. A., and Sekuler, A. B. (2007). Differences in
discrimination of eye and mouth displacement in autism spectrum disorders.
Vision Res. 47, 2099–2110. doi: 10.1016/j.visres.2007.01.029
Sagi, Y., Heiman, M., Peterson, J. D., Musatov, S., Scarduzio, M., Logan, S. M., et al.
(2014). Nitric oxide regulates synaptic transmission between spiny projection
neurons. Proc. Natl. Acad. Sci. U.S.A. 111, 17636–17641. doi: 10.1073/pnas.1420
162111
Schuman, E. M., and Madison, D., V (1991). A requirement for the intercellular
messenger nitric oxide in long-term potentiation. Science 254, 1503–1506. doi:
10.1126/science.1720572
Skuse, D. H., Lori, A., Cubells, J. F., Lee, I., Conneely, K. N., Puura, K., et al.
(2014). Common polymorphism in the oxytocin receptor gene (OXTR) is
associated with human social recognition skills. Proc. Natl. Acad. Sci. U.S.A.
111, 1987–1992. doi: 10.1073/pnas.1302985111
Solé-Padullés, C., Bartrés-Faz, D., Junqué, C., Via, M., Matarín, M., González-
Pérez, E., et al. (2004). Poorer cognitive performance in humans with
mild cognitive impairment carrying the T variant of the Glu/Asp NOS3
polymorphism. Neurosci. Lett. 358, 5–8. doi: 10.1016/j.neulet.2003.
12.044
Spezio, M. L., Adolphs, R., Hurley, R. S. E., and Piven, J. (2007). Abnormal use
of facial information in high-functioning autism. J. Autism Dev. Disord. 37,
929–939. doi: 10.1007/s10803-006-0232-9
Stanislaw, H., and Todorov, N. (1999). Calculation of signal detection
theory measures. Behav. Res. Methods. Instrum. Comput. 31, 137–149. doi:
10.3758/BF03207704
Talarowska, M., Gałecki, P., Maes, M., Orzechowska, A., Chamielec, M., Bartosz,
G., et al. (2012). Nitric oxide plasma concentration associated with cognitive
impairment in patients with recurrent depressive disorder. Neurosci. Lett. 510,
127–131. doi: 10.1016/j.neulet.2012.01.018
Tesauro, M., Thompson, W. C., Rogliani, P., Qi, L., Chaudhary, P. P., and Moss,
J. (2000). Intracellular processing of endothelial nitric oxide synthase isoforms
associated with differences in severity of cardiopulmonary diseases: cleavage
of proteins with aspartate vs. glutamate at position 298. Proc. Natl. Acad. Sci.
U.S.A. 97, 2832–2835. doi: 10.1073/pnas.97.6.2832
Venturelli, E., Galimberti, D., Lovati, C., Fenoglio, C., Scalabrini, D., Mariani,
C., et al. (2005). The T-786C NOS3 polymorphism in Alzheimer’s disease:
association and influence on gene expression. Neurosci. Lett. 382, 300–303. doi:
10.1016/j.neulet.2005.03.032
Voight, B. F., Kang, H. M., Ding, J., Palmer, C. D., Sidore, C., Chines, P. S.,
et al. (2012). The metabochip, a custom genotyping array for genetic studies of
metabolic, cardiovascular, and anthropometric traits. PLoS Genet. 8:e1002793.
doi: 10.1371/journal.pgen.1002793
Weigelt, S., Koldewyn, K., Dilks, D. D., Balas, B., McKone, E., and Kanwisher, N.
(2014). Domain-specific development of face memory but not face perception.
Dev. Sci. 17, 47–58. doi: 10.1111/desc.12089
Wilmer, J. B., Germine, L., Chabris, C. F., Chatterjee, G., Williams, M., Loken,
E., et al. (2010). Human face recognition ability is specific and highly
heritable. Proc. Natl. Acad. Sci. U.S.A. 107, 5238–5241. doi: 10.1073/pnas.09130
53107
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Henningsson, Zettergren, Hovey, Jonsson, Svärd, Cortes, Melke,
Ebner, Laukka, Fischer and Westberg. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 8 October 2015 | Volume 9 | Article 393
